. However, the role that fat chemical composition plays on lipid sonocrystallization still 58 remains unknown.
59
The authors of this paper previously studied the crystallization behavior of interesterified 60 (IE) fats with palmitic acid at the sn-2 position and the corresponding physical blends [18] . This 61 study allowed us to compare the crystallization behavior of fats with similar fatty acids but 62 different TAG composition along with the comparison of fats with different content of saturated 63 fatty acids (SFA). The palmitic containing IE fats were found to be softer than their physical 64 blends and the hardness of the IE samples was increased by using HIU. In the present study, the 65 tripalmitin previously used by Kadamne et al. [18] in the PB was replaced by tristearin with the 66 assumption that the higher melting stearin in the corresponding IE will provide a harder texture 67 compared to the palmitic containing IE. Using interesterification conditions reported in Ifeduba 68 et al. [3] IE fats with low total saturated fatty acids (20-30%) and stearic acid at the sn-2 position 69 were produced.
70
The objective of this research is to evaluate the crystallization behavior of the IE fats 71 containing 20 and 30% stearic acid at the sn-2 position and of the physical blends used to 72 synthesize these IE samples. The effect of HIU on their crystallization behavior was studied at 73 different supercooling levels. Crystal microstructure, solid fat content, viscosity, elastic and 74 storage modulus, and melting behavior were evaluated. The fats used in this study differ from 75 those in the previous study based on the major saturated fatty acid at the sn-2 position, which is 76 stearic acid in the present and palmitic acid in the former [18] . Along with the characterization of Prior to crystallization, the experimental set up was set at the desired temperature along with the 110 sonication equipment with the stirrer. The position of the laser was arranged such that a 111 maximum laser signal output of 10 V was obtained through the empty cell. After the sample was 112 introduced in the crystallization cell, the laser signal was monitored. The laser signal remained at 113 its highest value until the sample started to crystallize. At this point, the laser signal decreased 114 steadily. When the laser signal reached a value of 0.6 V, which corresponds to a slight amount of 115 turbidity in the media, the agitation was stopped and HIU was applied to the sample. The 0.6 V 116 laser output was chosen as the time point for HIU application since it corresponds to a slight 117 turbidity indicative of the onset of crystallization. This allows for consistent sonication 118 conditions for all the samples. Immediately after sonication, the sample was transferred into five 119 nuclear magnetic resonance (NMR) tubes and three centrifuge tubes which were pre-warmed at 120 the crystallization temperature and kept in the water bath until 60 min from the start of the 121 experiment. The NMR tube samples were used to measure solid fat content (SFC) while the 122 samples in the centrifuge tubes were used for microscopy, melting characteristics, and rheology. If the Laser signal reached 0.6 V after 10 min of crystallization, the agitation was stopped at 10 124 min and the sample was crystallized further without agitation.
125
Samples evaluated in this study were crystallized without and with sonication. The non-sonicated 126 samples were transferred to the tubes immediately after the laser signal reached 0.6 V. The 127 crystallization experiment at each processing condition was performed in triplicates and the 128 analyses were performed once after each of the triplicate runs. 
Where s (t) is the % SFC at time t, s max is the maximum SFC, µ max is the maximum growth rate (% 139 SFC/min), λ is the induction time of crystallization (min), e = 2.718281 [20] .
140
Polarized light microscopy. Sample aliquots were taken from the centrifuge tube in the water 141 bath every 10 min until 60 min of crystallization using pre-warmed glass pipettes and placed 142 onto glass slides and then covered with cover slides. The microstructure of the sample was 143 observed by the Olympus BX41 polarized light microscope (PLM) (Olympus, Tokyo, Japan) at 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 calculated by equilibrating the sample in the hermetically sealed pans overnight at -20 °C and 154 followed by heating in the DSC from -20 C to 80 °C at 5 °C/min. The driving force for the 155 crystallization of fats can be calculated using equation 2:
where ∆H is the change in enthalpy associated with the melting (J/g); ∆T is the supercooling 158 (°C); and T m is the melting point of the sample (°C).
159
Rheology. Rheological parameters including viscosity, storage (G') and loss (G'') moduli and 160 the phase angle (δ) were measured using a AR-G2 Rheometer (TA Instruments, New Castle, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The rheological parameters of the IE samples were measured using a parallel plate geometry (40 167 mm diameter) using samples from the centrifuge tubes in the water bath after being 60 min at T c .
168
The PB had a crumbly texture and therefore these samples were transferred to 20 mm diameter 169 molds after the laser reached 0.6 V to obtain a more uniform network. The molds were 170 maintained at T c for the duration of the experiment (60 min). The samples from the molds were 171 used to measure the rheological parameters of the PB samples using parallel plate geometry (20 172 mm diameter). The rheology data was collected after each of the three separate runs at each 173 processing condition. Thus the rheological data was collected and presented as the mean of the 174 triplicate values along with its standard error of the mean.
175
Statistical Analysis. At ∆T = 12 ºC IE and the PB samples were compared within each fatty acid 176 content using a two-way ANOVA followed by Tukeys' post hoc test at α = 0.05. Results for IE 177 C18:0 20% samples at ∆T = 9, 6, and 3 ºC were compared using a two-way ANOVA followed 178 by the Sidak's multiple comparison test to compare the effect of sonication at each supercooling 179 level. Similar statistics were performed for the IE C18:0 30% samples at ∆T = 9, 6, and 3 ºC. 
RESULTS AND DISCUSSION

182
Melting point. The melting point of the PB C18:0 20% sample was 53.6 ± 0.4 °C while that of 183 the IE C18:0 20% sample was 38.0 ± 0.3 °C. The PB C18:0 30% and IE C18:0 30% sample had 184 melting points of 60.0 ± 0.4 and 43.2 ± 0.6 °C, respectively ( were occupied by stearic acid.
193
The total and sn-2 fatty acid composition of the IE samples is presented in did not drop as expected and hence similar crystallization conditions could not be generated in 219 the PB at different supercooling levels. Hence, the samples were also crystallized at ∆T = 12 ºC 220 where the PB did not fractionate and generated a turbid crystalline sample which reproducibly 221 decreased the laser signal over time. Thus, the IE were crystallized at 4 supercooling levels Table 4 . The maximum SFC, s max , of PB crystallized at ∆T = 12 ºC was higher than that of the IE Figure 1A , 1B, and Table 4 ). Based on the similarity in the isothermal SFC curves of the IE 240 samples at ∆T = 12 ºC ( Figure 1A , B) and no the lack of difference in the crystallization kinetics 241 upon sonication (Table 4 ) it can be concluded that at ∆T = 12 ºC supercooling and not sonication 242 was the dominant force that drove the crystallization of IE samples. In general, the s max of the IE
243
C18:0 30% samples were higher than those of IE C18:0 20% samples ( Figure 1A and 1B, Table   244 4). This can be due to the higher stearic acid content and the slightly higher content of SSS in the 245 30% samples.
246
HIU induced crystallization in the IE C18:0 20% samples at supercooling of 6 and 3 ºC and 247 significantly decreased the λ from 9.36 to 8.39 min at ∆T = 6 ºC (p < 0.05) and from 13.03 to 248 11.77 min at ∆T = 3 ºC (p < 0.05). HIU also significantly increased the rate of crystallization 249 from 0.76 to 1.61 at ∆T = 6 ºC and from 0.46 to 1.54% at ∆T = 3 ºC (Table 4 ) (p < 0.05).
250
Sonication also induced crystallization in IE C18:0 30% samples at supercoolings of 9, 6, and 3 251 ºC. The maximum growth rate (µ max ) increased significantly (p < 0.0001) from 0.66 to 1.38 %
252
SFC/min at ∆T = 9 ºC upon sonication and the effect was also observed at the lower (Table 1 ) and the induction period of crystallization was approximately 2 min (Table 4) 269 while at subsequent supercoolings of 9, 6, and 3 ºC, the induction period increased to 4, 9.4 and 270 13 min, respectively (Table 4) (Table 1 ). The driving forces for the 30% stearic samples were lower, but in the same order of 272 magnitude, than the corresponding 20% stearic samples for the same supercooling. This was due 273 to the similar melting enthalpy and the higher melting point of the C18:0 30% samples. The 274 driving force for the IE C18:0 30% samples at supercoolings of 12, 9, 6 and 3 ºC were 29.2, 21.9, hence the induction period of the PB was higher than those of the IE at ∆T = 12 ºC.
281
At ∆T = 9 ºC, the driving force of the IE C18:0 20% sample was 25.2 J/g and based on the SFC 282 curves in Figure 2A it can be seen that there was no difference in the crystallization kinetics of 283 the sonicated and non-sonicated sample. This suggests that similar to the IE samples at ∆T = 12 284 ºC, the supercooling dominated crystallization of IE C18:0 20% sample at 9 ºC and sonication 285 had no effect on the induction of crystallization. However, for the PB C18:0 30% sample at ∆T = 286 12 ºC, the driving force was 25.3 J/g and HIU induced crystallization despite the high driving 287
force. This was due to the greater percentage of the higher melting SSS fraction. The cavitation 288 generated by the HIU induced secondary crystallization of the SSS in the supercooling PB 289 sample. Induction in the crystallization of the SSS was not observed at ∆T = 9 ºC in the IE C18:0 290 20% sample due to the low amount of SSS compared to the PB C18:0 30% sample.
291
The s max of the samples was higher with higher driving force in the case of IE samples. However, 292 the s max of the PB samples was higher than the IE samples, even though the driving force of the 293 IE was higher. This suggests that the driving force of crystallization was an important factor for 294 the induction of crystallization. However, the composition of the fat played a bigger role in the 295 overall SFC of the fat samples. In the case of the PB samples, the higher SSS content induced a 296 higher s max in the PB samples and higher content of SSS in IE C18:0 30% compared to IE C18:0 297 20% resulting in higher s max.
298
Compared to the previous crystallization studies by the current authors [18] , the IE samples with Although HIU application induced the formation of smaller crystals in the IE C18:0 20% sample 338 at all the supercoolings, the HIU was not as effective in the case of the IE C16:0 20% samples.
339
These results correlate well with the higher SFC of the IE C18:0 20% samples (5.5% and 5.6% 340 for non-sonicated vs. sonicated samples, respectively at ∆T = 3 ºC) compared to the IE C16:0 341 20% samples from the previous study [18] (3.8% and 3.6% for non-sonicated vs. sonicated 342 samples, respectively at ∆T = 3 ºC).
343
The microstructure of the IE C18:0 30% samples at ∆T = 9, 6, and 3 ºC are presented in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 [13-15, 17, 18, 24] . In the current study, HIU was applied in the presence of crystals similar to sample showed a single broad melting peak indicating that these TAGs co-crystallized ( Figure   372 6A). Thus, HIU did not affect the crystallization behavior of the IE samples and this confirms the 373 previous speculation that at a ∆T = 12 ºC, supercooling dominated the crystallization of the IE 374 C18:0 20% samples.
375
The PB C18:0 30% samples had two well-defined melting peaks with the first peak melting 376 temperatures of 58.1 ± 0.7 ºC and the second peak at 64.9 ± 0.5 ºC for the non-sonicated sample 377 ( Figure 6B , Table 5 ). The higher melting peak corresponds to the crystallization of the SSS TAG 378 while the lower melting peak corresponds to crystallization of PSS (3.8%) and PPS+OPS (2.1%)
379
[3]. For the non-sonicated and sonicated PB C18:0 30%, the melting enthalpy of the first peak 380 was 21.9 ± 3.8 and 36.1 ± 7.1 J/g, respectively and that of the second peak was 10.8 ± 4.8 and indicating that sonication did not alter the crystallization of the samples.
390
The melting thermograms of the IE C18:0 20% and the 30% samples at supercoolings of 9, 6, 391 and 3 ºC are shown in Figure 7A -F and the corresponding data is presented in Table 6 . At ∆T = 9 392 ºC, IE C18:0 20% showed a single melting peak similar to the behavior observed at ∆T = 12 °C
393
( Figure 6A ). The peak melted at 53.1 ± 0.4 ºC and upon sonication, this peak had a lower melting enthalpy that decreased significantly from 6.8 to 4.1 J/g (p < 0.001). Also, sonicated sample 395 showed a shoulder peak at 41.2 ± 0.7 ºC with a low melting enthalpy of 0.8 J/g ( Figure 7A , Table   396 6). Although it was observed that HIU did not affect the SFC or the microstructure at this 397 supercooling, the DSC data suggests that sonication induced the crystallization of lower melting 398 TAGs (OSS and SOS) at this supercooling which was not observed at ∆T = 12 ºC. This effect 399 was even more prominent at ∆T = 6 ºC and a new peak was formed upon sonication at 44.7 ± 0.3 400 ºC which was not seen in the thermograms of the non-sonicated sample ( Figure 7B , Table 6 ).
401
The melting enthalpy of the low temperature peak was 4.9 J/g which was higher than the peak at 402 ∆T = 6 ºC. At the lowest supercooling (∆T = 3 ºC), sonication favored the crystallization of the 403 lower melting fractions and decreased the size of the higher melting peak from an average 404 enthalpy of 1.2 to 0.1 J/g ( Figure 7C , Table 6 ). Although sonication did not affect the T p , the T p 405 increased with the decrease in supercooling. This indicates that sonication did not fractionate the 406 sample into new TAG fractions but favored the crystallization of the already crystallizing lower
407
TAGs.
408
The non-sonicated IE C18:0 30% samples, on the other hand, crystallized in two fractions with 409 peak melting temperatures of 45.2 ± 0.3 ºC and 54.5 ± 0.3 ºC at ∆T = 9 ºC ( Figure 7D , Table 6 ).
410
This behavior was similar to that observed for the sample crystallized at ∆T = 12 ºC ( Figure 6 ).
411
In general, upon sonication of the IE C18:0 30% samples, there was an increase in the enthalpy 412 of the first peak while the enthalpy of the second peak decreased. Also, there was a significant 413 increase in the T p of the first peak indicating that HIU induced the co-crystallization of these two 414 fractions (p < 0.01). At ∆T = 9 ºC, the IE C18:0 30% sample melted in two peaks with peak 415 melting temperatures of 45.2 and 54.5 ºC ( Figure 7D ) and upon sonication, the enthalpy of the 416 higher melting peak decreased from 2.6 to 0.1 J/g and the enthalpy of the first peak at 46.3 ºC (Table 6 ). Although a small second peak was seen at ∆T = 6 ºC in 418 the thermograms of the IE C18:0 30% sample, this peak disappeared in the sonicated sample 419 along with a slight increase in the enthalpy of the first peak from 11.3 to 12.9 J/g, although not 420 statistically significant ( Figure 7E , Table 6 ). At ∆T = 3 ºC there was only one peak in the 421 sonicated and non-sonicated IE C18:0 30% melting thermograms ( Figure 7F ). However, there 422 was a significant increase in the melting enthalpy of this peak from 9.4 to 12.9 J/g in the 423 sonicated sample indicating that HIU induced crystallization (Table 6 ). This correlates well with 424 the PLM data where a more crystalline material can be observed in the sonicated sample 425 compared to the non-sonicated one.
426
The differences in the melting behavior of the IE C18:0 20% and the IE C18:0 30% samples can 427 be explained based on the differences in the SSS content of the samples: 1.2 and 2.3% (Figure 8 A-B) . Although the SFC of the PB samples 445 was higher than the IE samples, the rheological parameters for the IE were an order of magnitude 446 higher than the PB ones. The PB samples contained about 11.4% SSS which contributes to the 447 majority of the SFC of the PB samples. However, it also contains 79.4% of OOO which had a 448 melting point of 4.5-5.7 ºC and may be entrapped along with the SSS crystalline matrix.
449
However, due to the big difference in the melting points of the TAG fractions in the PB samples, 10.2 ± 0.6 and 3.2 ± 0.1, respectively and these did not change significantly (p< 0.05) upon 480 sonication ( Figure 8D ). Since these values were 0º < δ < 90º, both samples were considered 481 viscoelastic.
482
The rheology data for the IE C18:0 20% and the 30% samples at supercoolings of 9, 6, and 3 ºC 483 are presented in Figure 9 . It has been shown by several authors [13, 15, 18] that HIU induces the 484 formation of smaller and more crystals in the system which improves the hardness of the fat.
485
Based on the statistics indicated in Figure 9 , it can be seen that sonication significantly increased 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The viscosity of the IE C18:0 30% sample increased significantly (p < 0.05) at all supercooling 505 levels upon sonication similar to the previous study [18] with the IE C16:0 30% samples ( Figure   506 7E). For example, the viscosity of IE C18:0 30% at ∆T = 6 ºC was 1,901 ± 186 which increased 507 to 6,756 ± 595 Pa.s upon sonication. Along with the final SFC, the viscosity of the IE C18:0 30% 508 samples were also higher than the IE C18:0 20% and IE C16:0 30% [18] at all the supercoolings . 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Both G' and the G'' were higher for the IE C18:0 30% samples compared to the IE C18:0 20% 510 and the IE C16:0 30% samples. This effect could be due to the differences in the TAG 511 composition and the presence of higher melting TAGs that give the sample a harder texture or 512 due to the differences in the microstructure. The SFC of the IE C18:0 30% samples were higher 513 than that of the IE C18:0 20% and the IE C16:0 30% samples [18] . While the elastic modulus, G' 514 and the viscous modulus, G'' of the IE C18:0 30% samples did increase upon sonication Figure   515 9 F-G), the increase in these parameters was not statistically significant (p > 0.05). On the other 516 hand, in the previous study [18] , the G' and G" of the IE C16:0 30% samples increased 517 significantly at ∆T = 3 ºC upon sonication. Sonication was effective in inducing nucleation and 518 formation of smaller crystals along with changing the melting characteristics of the sample.
519
These changes did increase the viscosity of the sample, however it remains uncertain why the 520 changes in the G' and the G" were not significant. The phase angle (δ) was 0º < δ < 90º 521 indicating that the sample maintained its viscoelastic behavior ( Figure 9H ).
522
CONCLUSION
523
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